searched from 1900 to April 2012 for relevant articles. Search terms were: 'taste, tastant, gustation, threshold, identification, perception, intensity, acuity.' Within the medical databases the search included age category limits of over 65, over 80 years and human subjects' studies. In the latter two databases, search terms 'age, elder, old and geriatric' were also included. Articles were excluded by either the abstract or the full paper if they did not fall within the inclusion criteria; the papers had to investigate both younger adults and older adults (over 65 years), be related to healthy ageing and not a disease state. Aroma, olfaction and smell were also excluded. Review articles found in searches were hand searched for relevant articles within reference lists, with resulting studies assessed for relevance and where suitable included in this review. Accepted articles were reviewed by two researchers independently and appraised using the Downs and Black scoring system (4) . The checklist comprised twenty-six questions to evaluate the reporting, external and internal validity (bias and confounding). The final question regarding statistical power was removed as most studies were not intervention studies and hence did not provide a power calculation; however, the total number of participants in each study was reviewed. Disagreements in ratings were discussed and final consensus scores were given for each study. The data extracted included whether the study investigated taste detection or identification thresholds or supra-threshold intensities, as well as authors, publication year, sensory methodology, participant information and key findings. Meta-analysis was carried out on the data extracted from articles which investigated taste-detection thresholds using the Comprehensive Meta-Analysis software (Version 2).
Results
Sixty-nine relevant articles were included in this review, from the initial search acquisition of 3959 articles of which 127 non-English articles were excluded. Participant numbers varied greatly depending on the study type and size, from twelve to 761 respondents; however, the study sizes were small with sixty participants as the median size. Taste detection thresholds were studied in forty papers of which twenty-three provided sufficient data to be included in a meta-analysis, either as independent group means with standard deviation or as correlation coefficients of threshold against age. Identification thresholds were reported in eighteen papers and taste intensity perception was considered in twenty-five papers. The taste modalities considered included sweet, salty, sour, bitter and umami. Papers ranged in their consideration from one to all modalities; the number of tastant compounds considered within each modality varied from one to thirteen. Fig. 1 summarises the meta-analysis output across all taste modalities reported. The effect size (reported as Hedges' g), the sample size and the significance (P value) of each study can be seen in Fig. 1 . Where the bar is located to the right side of the plot it indicates that a study found higher detection thresholds in older adults, the bar is on the left where thresholds were higher in younger adults; centred bars indicate no difference in thresholds between either group. However, only the tastants typically tested have been included in the plot, for example, sucrose for sweet taste and NaCl for salt taste. Other tastants within each modality, which were included in a limited number of studies, are discussed later separately. The overall consensus across all tastes and all papers is given at the end of the Fig. and the consensus for each taste modality is given within Fig. 1 . The weighting of each study to the consensus is given to the right of the plot; these were derived from the sample size.
Effects of ageing on taste detection
Of the total twenty-three relevant articles that underwent meta-analysis, twenty found taste detection thresholds to significantly increase with age, and these covered all five modalities (Fig. 1) . However seven studies found no effect of age for sucrose (four studies), NaCl (two studies), quinine hydrochloride (two studies), caffeine (one study), quinine sulphate (one study), citric acid (one study) and glutamate (one study). One study (5) unexpectedly found a significant decrease in taste-detection threshold with age for females only across two taste modalities (sour and salt). It is clear from Fig. 1 that the trend of increasing detection thresholds with age is most conclusive for umami, where all studies have observed thresholds to increase. However, this modality has only been studied by two research groups. Thresholds for salt and sour tastants increase in more than 80 % of studies. Bitter and sweet tastants have also been found to be negatively affected by healthy ageing in 70 % of studies.
There are numerous reasons for discrepancies across studies, including the widely varying number of participants tested, different age ranges, varying male:female ratios and different exclusion or inclusion of confounding factors such as participants with dentures and smokers. In addition, sensory-testing methodologies varied, as did the tastants used coupled with their concentration ranges and progressions. Many studies commented that there were gender differences in thresholds as well as age differences, so as the genders were not balanced in all studies this will have contributed to discrepancies (5) (6) (7) (8) (9) . Of the forty papers investigating detection thresholds, the majority used some form of alternative forced choice (AFC) procedure where tastants were presented in aqueous solution alongside control water samples; either 2-AFC (10, 11) where each sample concentration was presented against one water control and the volunteer stated which was the stronger sample, or 3-AFC (5, 9, 12) where each sample was presented against two controls. In some cases, volunteers were only presented each concentration once (an ascending AFC method) (12) (13) (14) (15) (16) (17) (18) (19) , whereas more rigorous papers used a staircase methodology where 'turning points' are established through presenting the volunteer samples below and above their individual threshold more than once to have more confidence in the individual's threshold (8, 10, 11, (20) (21) (22) (23) (24) (25) (26) (27) . Hybrids between these two method types do exist, for example where authors have used an ascending AFC method and then repeated the determined threshold (28) . The papers in the meta-analysis are predominantly of this type. The AFC approach has also been used where small quantities of samples have been applied directly to the tongue by a pipette (23, 29) . Simpler methods have been used; for example some researchers have used only single presentation of samples rather than a discrimination test between samples and controls. This has been carried out using solutions presented for normal drinking, either as a series of increasing concentrations (30, 31) or as simply a single tastant solution (32, 33) ; alternatively as tastants absorbed onto filter paper discs that were placed directly onto the tongue (34) , or as small aliquots of tastant solution (1 ml) sprayed directly into the mouth (6) . The obvious advantage of such simpler methods is to avoid excessive presentation of samples to elderly participants, avoiding fatigue; however, it can lead to less reliable results. Using a single concentration of tastant and determining the proportion of people that can detect its presence, is arguably not a method from which tastedetection thresholds can be quoted. However, it has provided useful data across very large subject cohorts (n 226) where the age of the older cohorts has been higher than in any other studies (101 . 9 (SD 1 . 4) compared with 70 . 5 (SD 5)) (33) . This Italian study found an overall significant reduction in perception of taste (P <0 . 001) in centenarians compared with both adults (mean age 28) and older people (mean age 71) (32, 33) . Another method developed to apply tastant solutions directly to the tongue was a gustometer, which enabled continuous presentation for 2 s intervals. Following each 2 s presentation the subjects give their degree of certainty concerning whether a stimulus was present or not. A large number of repetitions per person were possible using this method and results were analysed using a signal detection procedure (R index) (35) . This paper investigated salt detection thresholds that were found to increase with age (P< 0 . 0001), in line with the AFC-type studies, and noted that there was regional sensitivity across the tongue. Finally, taste-detection thresholds can be measured without the presentation of any tastant stimulus, instead through the use of electrogustometry, a technique used to first report differences with age in the 1960s (36) , which has received attention again more recently (37, 38) . The technique assumes that responses to electrical stimulation of the tongue mimic taste function.
It was noted that electrical thresholds increased with age across all three studies (36) (37) (38) ; however, one study noted that there was poor correlation between electrical thresholds and sour or salty taste thresholds (37) . It is perhaps reasonable to conclude that although the use of electrogustometry is very useful as a clinical tool to detect substantial increases in taste thresholds, it cannot be used to infer specific taste thresholds.
Where authors investigated the same taste modality using differing tastant compounds, it was found that the taste detection responses with age vary (11, 13, 15, 16, 18) . In addition, very few papers have evaluated detection thresholds within food or beverage systems (12) although more researchers have considered the perceived intensity of supra-threshold levels of tastants within products (11, (39) (40) (41) (42) (43) (44) (45) . Despite the overall consensus that taste detection deteriorates with age, there is less evidence to suggest when this decline starts, as most studies have compared a cohort of older adults with one of younger adults. Three recent studies have investigated taste detection thresholds over an age continuum. The electrogustometry method was used with 461 participants with an age range of 15-94 years (38) . It was found that electrogustometry thresholds increased from either age 60 + or 70 + depending upon the exact site of measurement. The study by Yamauchi where aliquots of tastant solution were sprayed directly into participants mouths (6) investigated four tastants with 670 participants of age 20-90 years. They found salt thresholds to be significantly higher at 70 + years, bitter at 80 + years, sour was significantly higher at 60 + years in males but not until 80 + years in females, whereas sweet thresholds were not affected by age in their study. A study that presented a series of increasing concentrations of salt solutions to 109 participants of age range 19-95 years (31) found no significant effect of age on thresholds. Results from the latter paper conflict not only with the Yamauchi paper, but with almost all papers in the meta-analysis that considered salt (Fig. 1) . It is not clear why as all age groups were well represented in the Watanabe paper (31) ; however the difference in sensory method used may have led to discrepancies. Summarising from the limited number of papers that have considered an age continuum, it appears that taste deterioration with age is only noted in later life, beyond at least 60 years of age.
Extent of taste decline with ageing
The extent of taste perception decline with age is rarely quantified and often disputed between research studies. However, it was clear that the effect of sensory decline depended largely upon the taste modality and upon the specific tastant.
Salt
It was clear from the meta-analysis (Fig. 1) that the NaCl taste thresholds increased with age, except for females in one study (5) . A similar result was found for other salt-taste compounds including potassium chloride (11) as well as Na salts of acetate, ascorbate, carbonate, citrate, phosphate, succinate, sulphate and tartrate (all at pH 7) (16) . Schiffman found the magnitude of salt perception decline varied from 2 . 7-to 26 . 7-fold depending on the type of Na salt (16) . Across studies investigating NaCl thresholds were found to increase between 1 . 4- (27) and 6 . 7-fold (16) . The mean thresholds quoted over all studies varied considerably; for older people the range was from 4 . 9 (20) to 58 mM (34) ; with an average across the studies of 21 mM (0 . 12%, w/w) compared with the average across studies for younger adults of 11 mM (0 . 06%, w/w). Data from one study were removed from the calculation of mean threshold as the paper quoted means values in different units for younger and older adults, implying a 57-fold decrease in threshold with age, which contradicted the direction of change quoted in the paper (34) . This difference in means across studies equated to a mean increase between younger and older adults of 2 . 0-fold. It is interesting to consider whether this extent of increase could effect detection of salt in meals by older people, certainly a level of 0 . 12% (w/w) would be below the level of salt in most foods. The British Dietetic Association class low, medium and high-salt food to contain levels within the ranges of £ 0 . 3 g, 0 . 3-1 . 5 g and >1 . 5 g per 100 g product. Although the distribution of individual salt detection thresholds is wide, a large study (n 146) by Baker (8) found that very few individuals had thresholds above 50 mM (0 . 3 % NaCl).
Sour
The tastants included in the meta-analysis plot (Fig. 1) were citric, tartaric and acetic acids, the thresholds for which were found to increase with age, except in one out of five studies on citric acid where thresholds were found to be higher in a younger group of females (5) . A study of hydrochloric acid with males found thresholds to increase with age (19) . From four citric acid studies, the reported increase in threshold varied between 1 . 4- (5) and 11-fold (46) ; however, the actual thresholds measured were much lower in the latter study where the total sample size was small (n 36) and there was a disproportionate number of females (89 %). Across the studies the mean thresholds for younger adults was 0 . 4 mM and for older adults 0 . 7 mM, representing a 1 . 5-fold increase with age.
Bitter
The effect of age on bitter detection thresholds has been reported for thirteen different compounds across nine different studies (5, 11, 18, 19, 21, 23, 24, 34, 46) and in all but one case (5) have been found to increase with age. The most common tastants studied are quinine derivatives and caffeine (Fig. 1) . The extent of increase reported for quinine detection thresholds was between 1 . 5- (18) and 7 . 4-fold (46) . For quinine hydrochloride the mean thresholds across four studies for the younger and older adult groups were 0 . 002 and 0 . 009 mM, respectively, representing a 4 . 1-fold increase. For quinine sulphate the means were 0 . 005 M and 0 . 019 mM, respectively, similarly, a 4 . 0-fold increase. Interestingly, the results for caffeine were less notable; the extent of increase with age reported to be from 1 . 1-(5) to 1 . 6-fold (11) . Across four studies the mean caffeine thresholds for younger and older groups was 1 . 4 and 1 . 8 mM, respectively, representing an overall mean increase of 1 . 2-fold with age.
It was noted that some studies took into account genetic differences in ability to detect the bitter phenylthiocarbamide or propylthiouracil, whereas others did not, which would be a confounding factor. However, studies investigating these tastants found thresholds to increase with age (18, 46) . Schiffman (18) evaluated a wide range of thirteen bitter tastants in one study where participants were first screened into phenylthiocarbamide taste/non-taster groups. The detection thresholds were significantly (P <0 . 05) higher for the older group for seven of the compounds, with the extent of difference within the non-phenylthiocarbamide taster group ranging from 1 . 5-fold for quinine hydrochloride to 33-fold for magnesium nitrate. However, the total sample size was small (n 34; sixteen younger, eighteen older; half phenylthiocarbamide non-tasters).
Sweet
Sucrose-detection thresholds were measured in ten studies, four of which found no effect of age. The remaining seven studies did find an increase with age varying from 1 . 2- (28) to 2 . 6-fold (34) . The mean threshold across the studies was 12 . 4 mM for younger adults and 16 . 8 mM for older adults, representing a 1 . 4-fold increase. A limited number of studies have investigated sweeteners. Two studies on saccharin both concluded thresholds were approximately 4-fold higher in older adults (13, 15) . Regarding aspartame, one study found thresholds to increase 4 . 1-fold with age (15) , whereas two other studies found no difference between age groups (11, 13) . Schiffman evaluated a further nine sweeteners and found detection thresholds of all to increase with age by between 1 . 5-fold (sodium cyclamate) to 4 . 7-fold (monellin) (15) .
Umami
Detection thresholds for umami have been evaluated in fewer studies. Three studies of monosodium glutamate all found detection threshold to increase with age. The mean threshold across studies was 2 . 5 mM for younger adults and 5 . 5 mM for older, representing a 2 . 2-fold increase. Two studies of inosine monophospate reported 4 . 4-fold higher detection thresholds in older adults (1 . 5 mM compared with 0 . 3 mM). Schiffman investigated thresholds of a further four glutamate salts all of which were between 3 . 7-and 8 . 5-fold higher for older adults (17) . Glutamates and inosine monophospate interact synergistically to increase overall umami taste. Thresholds for all four glutamate salts tested in combination with inosine monophospate also had higher thresholds in older adults compared with younger (17) .
Effects of ageing on taste identification thresholds
Eighteen studies considered identification thresholds (5, 6, 12, (15) (16) (17) 30, (32) (33) (34) 42, (47) (48) (49) (50) (51) (52) (53) . Some authors using the AFC methodology report identification thresholds postdetection within the same procedure. Others used simpler methods such as ascending presentation of a series (state when identified), either as solutions (42, 47) or taste discs (34) , presenting a single concentration of a tastant and determining the proportion of subjects that can name it (32, 33) . A recent simple but effective means to determine identification thresholds has been the use of taste strips; four different concentrations per tastant, applied directly to the tongue (48, 52) ; or similarly using four concentrations of solution applied as drops (50, 53) . Seventeen studies found taste-identification thresholds to increase with age, although one study reported only a weak relationship between age and taste strip results (52) . Only one study found no significant difference between age groups (53) ; however, their older group was younger than in all other studies reported in this review (age [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] , and therefore outside of our inclusion criteria. (27) 18 34 37 65-78 55-65 ME NaCl, SU (6) NaCl P < 0 . 01, SU ns (trend P = 0 . 07) NaCl intensity lower for OP than YP. Salivary Na affected salt judgements (61) Effects of ageing on perception of taste intensity at supra-threshold levels (54) . The most common assessment method was magnitude estimation followed by the use of various category scales and also the calculation of Weber ratios through just noticeable difference discrimination tests.
When aiming to relate taste perception to food liking and choice, it is perhaps perceived intensity at suprathreshold levels that is most important if the tastant levels in foods are likely to be above detection thresholds. As noted in Table 1 , a wide range of tastants have been investigated and some researchers have measured perceived intensities in products (11, 39, 40, (43) (44) (45) 56, (62) (63) (64) . Sixteen of the twenty-five studies noted that age had a significant negative impact on the intensity of perception, and a further two reported non-significant trends. This finding was relatively consistent for caffeine, citric acid, quinine and NaCl. Regarding sucrose, six studies found no significant effect of age on perceived intensity, which was disputed in a further three studies. Magnitude estimation studies where psychophysical functions could be calculated by plotting log perceived intensity against log concentration, tended to find that the slope was flatter for older volunteers, particularly as higher concentrations of tastants were perceived as less intense than for younger volunteers. Only three studies reported no age-related differences in intensity scoring. The extent of effect was not frequently reported in the supra-threshold studies. However, Schiffman's magnitude estimation studies found the slope of perceived intensity against tastant concentration to be steeper for young adults than for older adults by a mean factor of 2 . 06 for sweet compounds (15) and 1 . 76 for bitter compounds (18) . Four studies investigating both pure solutions and products found a significant decrease in perception with age in both cases (39) (40) (41) 44) . In the Mojet paper, this effect was consistent over a wide range of tastants (44) . However, one study found a significant effect of age for salt solution intensity which was not supported in both products (43) .
Quality of data and reporting of studies
The Downs and Black scores for the reviewed articles ranged between eleven and twenty-one out of a possible twenty-seven with an average rating of 16 (SD 2). This average is low, with many studies failing to fully incorporate and describe confounding factors, and very few reporting blinding of both the participants and the organisers throughout the investigation, usually typical of clinical trials. Furthermore, the use of various sensory methods, and small participant numbers in most studies, reduces the ability to collate and compare results without over-emphasising methodological noise.
Conclusion
Overall, this systematic review generally found an agerelated decrease in taste thresholds and sensitivity with Indicates whether a significant difference was found between YP and OP.
age. However, the extent and significance of this decline varied between taste modalities, tastants and studies. The effect of age on sensory perception, and specifically taste perception, is complex, due to the highly heterogeneous nature of the older community. The main conclusion to be drawn from the studies reviewed in this paper is that taste perception declines with age. Understanding this decline in taste ability could help the development of specifically enhanced foods for older adults to compensate for sensory losses. While deterioration in salt perception should not be compensated for by the addition of extra salt in food for elderly people who may already be at risk of hypertension, CVD or hypernatraemia, authors have suggested that increased levels of umami tastants can improve liking and consumption of foods by older adults. Although this has typically been achieved through the direct addition of monosodium glutamate (2) , it can also be achieved through the use of natural ingredients rich in umami taste compounds (65) . Sensory decline is a generic process and happens to everyone, yet several factors can influence the extent of this sensory decline. Nutritional status, vitamin and micronutrient intakes can all influence sensory perception, and the extent of decline with age, with research focussing on the involvement of Zn in taste perception (66) . Dentition in older adults could also influence sensory perception, especially if portions of the palate are covered, as well as impacting on salivation (27) . Although the majority of studies reviewed reported a significant age-related decline in perceived intensity at supra-threshold levels, the extent of decline was underreported. Yet, in order to determine how this should be addressed when developing foods and beverages for the older adult market, it is the extent of decline that is important to establish. Across a range of ten tastants in five product types, Mojet found no correlations between detection threshold sensitivity and preferred tastant concentration. However, there was evidence of a negative correlation between supra-threshold perceived intensity and preferred concentration in products for salt (P <0 . 05), caffeine (P <0 . 001), aspartame (P < 0 . 01) and inosine monophospate (P< 0 . 05). In other words, people with reduced intensity perception preferred higher concentrations of these tastants. Knowledge of the decline of taste and olfactory perception with age has led to the use of taste and flavour enhancement of foods, aiming to improve liking and ultimately consumption by older adults. Although this approach has been successful in some studies (2) , it has not in others (3) . In order for such studies to succeed it may be important to know the extent of decline in intensity perception for more complex mixtures of tastants within real food systems, as well as to account for the numerous confounding factors within individual perception.
The Downs and Black scores obtained by these studies were low, and in order to judge the abilities of older cohorts and understand effects of ageing, more robust and larger cohort studies are needed. There are potentially a large number of factors beyond age which may differ between young and older adult groups. Longitudinal studies would clarify whether variation between cohorts is due to individuals or the effect of time and larger, more robust cohort studies maybe more practical at controlling some of these variables.
